ABSTRACT I investigate which mechanisms could have acted during NeptuneÏs past radial migration to excite plutino orbital inclinations to their present values. These processes include Kozai resonance and the l 18 secular resonance, both before and after the plutinoÏs capture into the 2 : 3 mean motion resonance with Neptune. In the case that acted before the 2 : 3 resonance encounter, the plutino would have been l 18 originally formed near 34 AU. If the plutino was captured near the beginning of the migration process at around 30.5 AU, then the secular resonance must have acted inside the 2 : 3 resonance with highamplitude libration. In this case, the libration amplitude must be damped either during the migration by some dynamical process or after migration through dynamical scattering by other Kuiper belt objects, thus making the Ðnal orbit stable. All plutinos with well-determined orbits and inclination above 10¡ seem to have undergone secular resonance.
INTRODUCTION
Since the discovery of the Ðrst Kuiper belt object, 1992 QB1, in 1992, a great e †ort has been directed toward observation programs, raising the present number of known Kuiper belt objects to more than 200. Because of the very slow angular motion of these objects, however, many orbits are poorly determined. Nevertheless, some features of the orbital distribution of these objects are already sufficiently clear. One of these characteristics is the important concentration of Kuiper belt objects in the 2 : 3 mean motion resonance with Neptune and the distribution of their orbits in a large range of eccentricities and inclinations. Fernandez & Ip (1984 , 1996 suggested that the Oort cloud was formed by early solar system planetesimals that were cast to these remote regions by energy and angular momentum exchanges with the outer protoplanets. A natural outcome of this process would be that these planets would have migrated just after the dissipation of the solar nebula. Motivated by these results, Malhotra (1993) proposed that PlutoÏs anomalous eccentric orbit among the planets could be a result of the 2 : 3 resonance trapping of Pluto by Neptune and posterior evolution of PlutoÏs orbit in a resonance lock with the migrating Neptune. The range of NeptuneÏs semimajor axis variation due to migration could be computed from PlutoÏs present orbital eccentricity, yielding about 5 AU for a lower limit on NeptuneÏs total radial outward displacement. Interestingly, this value does not depend on the radial migration speed, provided it is slow enough for adiabatically allowing PlutoÏs capture into the 2 : 3 resonance with Neptune.
Other theories have been proposed to explain the present observed orbital conÐguration of the Kuiper belt objects. Petit, Morbidelli, & Valsecchi (1999) , following Morbidelli & Valsecchi (1997) and giving more details, showed that a conjectured giant planetesimal of about 0.1 to 1 Earth masses in a relatively short-lived eccentric orbit in the Kuiper belt region could excite the orbital eccentricities and inclinations of primordial Kuiper belt objects to the values presently observed. Regarding Pluto alone, Levison & Stern (1995) showed that a Pluto-like orbit could be attained in the 2 : 3 mean motion resonance with Neptune in about 109 yr, starting from a nearly circular and uninclined orbit, provided some dissipative events are assumed to damp PlutoÏs 2 : 3 libration amplitude. However, this method cannot explain plutino orbits as a whole since most orbits that started with near-zero eccentricity and inclination remain with low eccentricity after 109 yr, contrary to the present orbital conÐguration of plutinos.
If migration theory alone is not able to explain all the features of Kuiper belt orbits, it is also clear that the speciÐc case of plutinos argues in its favor. Yet, even for plutinos, some questions are still unanswered if migration is the basic factor in their orbital distribution. One of these questions refers to the orbital inclinations of plutinos. In a short paper, Malhotra (1998) showed that values of eccentricity and inclination near those of Pluto could be reached by test bodies trapped in the 2 : 3 resonance with Neptune in numerical simulations, including the four major planets in migrating orbits with Neptune, which is being shifted outward by 7 AU. Two main processes by which an orbital inclination could be excited were suggested : the Kozai resonance acting in the 2 : 3 mean motion resonance, implying a libration of both an eccentricity-type and an inclinationtype libration angle, and the secular resonance, which could act both outside and inside the 2 : 3 resonance. Malhotra concluded that the best scenario for Pluto would be a sweeping by the secular resonance, yielding an inclinal 18 tion excitation before PlutoÏs capture into the 2 : 3 resonance and inducing PlutoÏs eccentricity excitation and an extra inclination increase when the Kozai resonance is encountered near the end of the migration process. The purpose of this paper is to investigate in more detail all the processes that can induce an inclination excitation during planetary orbital migration and analyze how they can explain the orbital inclinations of plutinos. In°2, a summary of the present status of plutinos is presented. In°3, I study the inÑuence of the Kozai resonance. In°4, secular resonance e †ects are investigated, and a Ðnal section for discussion and conclusions follows.
PLUTO AND PLUTINOS
As of 2000 April, there are 255 cataloged Kuiper belt objects, of which roughly 55 are plutinos (according to the criterion of osculating semimajor axes between 38.5 and 40.5 AU). More reliable coordinates are those computed for observations coming from more than one opposition, for which there are 27 plutinos (12 for three oppositions or more). I take into account in principle the 27 plutinos observed in more than one opposition. To have a more accurate deÐnition of their orbits, one must consider averaged orbital elements instead of osculating elements. To achieve this, by considering the gravitational e †ect of all four major planets I did numerical integrations of the full equations of motion for the orbits of those plutinos starting on 2000 January 0 (MJD 2,451,543.5). The integrations were carried out for more than 8 ] 107 yr. Five objects among the 27 multiopposition plutinos showed instability after no more than 3.5 ] 106 yr, leaving the 2 : 3 resonance. In particular, 1998 UU43 showed instability from the very beginning, leaving the resonance at the Ðrst integration output, after less than 0.1 ] 106 yr. Curiously, this object was in quite a stable orbit with low 2 : 3 and Kozai u libration amplitudes, considering previous values of this objectÏs orbital elements (see Riog, & Ferraz-Mello Nesvorny , 2000) . Note that this and other unstable plutinos all have two-opposition orbits. In what follows, average elements and libration amplitudes are determined by considering raw coordinate outputs from the numerical integration. Table 1 lists the average orbital elements, including libration amplitudes for Pluto and the set of 22 objects. Figure 1 shows the distribution of the eccentricities and inclinations of Pluto and the set of 22 objects. There are seven objects with inclinations above 10¡, four of which were observed in three or more oppositions. One of these is 1997 QJ4, which has a Pluto-like orbit, not only in average eccentricity and inclination but also in libration amplitudes (see Table 1 ). Another one (1994 TB) also has an orbit similar to PlutoÏs ; FIG. 1.ÈDistribution of eccentricities and inclinations for Pluto and all "" stable ÏÏ plutinos with observations for two oppositions (crosses) or more than two oppositions (triangles). Plutinos with inclinations above 10¡ are also identiÐed by their names. The location of the Kozai libration centers (solid line), as well as the curve (dashed line), are plotted. l 18 however, it is in a Kozai resonance with libration center alternating from 90¡ to 270¡ (more observations may conÐrm that it is in a stable Kozai resonance). Another four high-inclination objects (1995 QZ9, 1996 TQ66, 1998 WZ31, and 1998 have moderate eccentricities and are not in Kozai resonance. A last one (1998 HQ151) has a large eccentricity and small 2 : 3 libration amplitude. Figure  2 shows the distribution of plutinos with respect to their X ] e coordinates, where X \ (1 [ e2)1@2cos I. The lowest X is that associated with 1994 TB, around 0.925 ; a little higher is PlutoÏs X-value, around 0.93. The variable X is important in that it can be related to the migration process, suggesting limits in the total radial shift for Neptune, as studied in°3. In this sense, Pluto itself can be considered the main representative of all high-inclination plutinos, and further reference to Pluto should be viewed in this broader sense.
An interesting feature in Figures 1 and 2 Throughout the rest of the paper, examples of orbital evolution from numerical integration are presented. Most of the integrations were done using the RADAU Ðfteenth-order integrator (Everhart 1985) . Massless objects start just above the 2 : 3 resonance with Neptune at the beginning of migration. A large numerical integration, including 1000 objects distributed from 30.5 to 36 AU in their starting positions, was performed using the SWIFT integrator (Levison & Duncan 1994) , to which a small code was added to make the integrator work for the migrating planets. In all cases we considered a linear model for migration. This is a simpler model, and their results have not been shown to be essentially di †erent from an exponential model. Moreover, this model seems more adequate for the identiÐ-cation of particular theoretical points associated with par- Fig. 1 for eccentricities and X \ (1 [ e2)1@2cos I. Also plotted are the Kozai centers, the line (1 [ e2)1@2, and the lower limit for X for considering equation (1). a i \ 22, ticular positions during the migration process. Migration times were taken from 2 ] 107 yr to 108 yr, this last value used for big numerical integrations using SWIFT. Other initial orbital elements for the test objects are random, with maximum eccentricities and inclinations at and 1¡, 0¡ .02 respectively. The initial semimajor axes of the planets are 5. 4, 8.7, 16.3, and 23 .2 AU. A justiÐcation for these values is suggested in°3. It must also be noted that migration is simulated here, as in previous works, as a smooth process. In doing so I assume that migration is caused by the scattering by the planets of many small planetesimals. It is not clear what size distribution of planetesimal mass would prevail near and beyond Neptune at that time. If this distribution is peaked for large objects, migration is noisier and may hamper resonance trapping of planetesimals. As an example, computer resources are presently able to simulate migration with gravitational scattering using relatively few large objects and yielding a migration too noisy to allow for resonance trapping (Hahn & Malhotra 1999 ). If we assume a mass distribution concentrated in only one large planetesimal, we pass to the other extreme, represented by the large planetesimal scattering model (Petit et al. 1999) . Perhaps some ideal mass distribution (and the variation of this distribution with time) might provide the right conditions for a migration smooth enough with a scattering perturbation great enough to yield the present orbital and mass distribution for the Kuiper belt.
FIG. 2.ÈSame as

KOZAI RESONANCE
In MalhotraÏs 1993 work, Pluto is supposed to have been captured in the 2 : 3 resonance with Neptune at the very beginning of the migration process. As Neptune migrates outward, theory predicts that Pluto is also shifted outward, keeping the resonance ratio with Neptune. An important consequence of this process is the excitation of PlutoÏs eccentricity, which increases by an amount that depends solely on the total radial shift of Pluto. As eccentricity increases, a Kozai resonance is eventually encountered (Fig.  3) , and if trapping into this resonance takes place, average eccentricity and inclination start to follow the Kozai center line, leading to large inclination, as indicated in Figure 3 . Thus the fact that PlutoÏs orbit is presently in a Kozai resonance suggests that if migration really took place, this resonance must have started before migration ended. Figure  3 shows the location in e ] I space of the Kozai resonance inside the 2 : 3 resonance with Neptune for the present location and for the assumed initial location of the major planets. The center lines stand for the libration centers, and the edge lines deÐne the maximum-amplitude librations. These curves are calculated by using an averaging semianalytical procedure based on that described by Thomas & Morbidelli (1996) . Figure 4 shows the variation of the Kozai libration centers with the 2 : 3 libration amplitude, both for the beginning and end of migration (today). Even though Kozai resonance was e †ective for somewhat lower values of the eccentricity near the beginning of migration and generally for higher 2 : 3 libration amplitudes, Figures both cases there are 2 : 3 mean motion resonance trappings and later Kozai resonance trappings. For the case in Figure  5 , trapping into the Kozai resonance starts near the third quarter of the evolution, whereas in Figure 6 the inclination has already begun to be excited by the Kozai resonance before the middle of migration. This is due to the fact that in this latter case, the 2 : 3 libration amplitude is fairly high, making Kozai resonance e †ective for lower values of the eccentricity, as Figure amplitudes, however, are associated with unstable resonant conÐgurations, which conÐrm that efficient trappings (those which produce Ðnal stable orbits) into the Kozai resonance must have occurred near the end of migration, thus producing only modestly high (usually \10¡) Ðnal inclinations. This fact alone suggests that a plutino with a Pluto-like inclination cannot be produced solely by the combination of the 2 : 3 and Kozai resonances. An additional argument for this is developed next.
Although the excitation of the inclination by Kozai resonance depends on how and when this resonance is encountered, a characteristic of this process is that eccentricities and inclinations cannot have sharp increases simultaneously, as Figures 5 and 6 suggest. A considerable increase in the inclination is associated with a deceleration of the eccentricity increase as shown in Figure 5 . This is due to the fact that the dynamical process that explains the evolution of the orbital elements of the test bodies trapped in resonance with a migrating planet is best described in terms of the Delaunay variables H and L , through the relation
where K is a constant, L \ na2, and H \ L(1 [ e2)1@2cos I with a, n, e, and I being the semimajor axis, mean motion, eccentricity, and inclination of the test-body orbit, respectively (Gomes 1997) . In terms of elliptical elements, the Ðnal eccentricity, inclination and of a plutino that (e f ), (I f ), X f started with a near-circular and zero-inclination orbit must obey the relation
where and are the initial (on capture) and Ðnal semia i a f major axes of the plutino (or Neptune), respectively. In fact, equation (1) only predicts a decrease of for an increase of X f When a Kozai resonance is not acting, is constant, a f . I f and a variation of unequivocally deÐnes a variation of X f e f according to equation (1). On the other hand, when a Kozai resonance is encountered, starts to increase, and equation I f (1) says nothing about particular increases in or e f I f . However, individual variations are deÐned by the (moving) Kozai centers line, as shown in Figure 3 , which average e and I are constrained to follow. Thus inclination starts to increase sharply, and eccentricity begins a much slower increase. Figure 6 deserves another explanation, as in this case the eccentricity e †ectively decreases sharply on Kozai trapping. This is a di †erent situation, in which trapping is induced by the increase of the 2 : 3 libration amplitude. As Figure 4 suggests, trapping into a Kozai resonance takes place when the Kozai centers are shifted left, toward the direction of decreasing eccentricity. After capture, this leftshifting Kozai curve brings the plutinoÏs eccentricity along with it to lower values. Although most of the libration amplitude increase has already taken place by the time of Kozai trapping, notice that for high libration amplitudes the Kozai curve is very sensitive to small variations in the 2 : 3 libration amplitude.
Equation (1) is not an approximation for low eccentricities and inclinations. Malhotra (1993 Malhotra ( , 1995 Malhotra ( , 1998 presents similar expressions based on a Ðrst-order approximation of the disturbing functions. The error for is a i /a f \ 23.2/30.2 around 4.4%, and for the error amounts to a i /a f \ 0.5 around 11.5%. As an illustration, Figure 7 shows the evolution of the orbital eccentricity for a massless body versus the semimajor axis of a migrating planet ; the test body evolves An inclination excitation during migration is in fact achieved when an inclination-type resonance is encountered and maintained afterward. The eccentricity-type 2 : 3 resonance acting together with the Kozai resonance determines the libration of resonant angle where
, j is the plutino mean longitude, is the Neptune mean j N longitude, and ) is the plutinoÏs longitude of the ascending node. This in turn is responsible for the plutinoÏs inclination increase. This is not, however, the only possible way for an inclination-type resonance to occur. Malhotra (1998) Ðnds a rare mixed inclination-type resonance in which the resonant angle also includes NeptuneÏs longitude of the ascending node. Because I did not Ðnd any such example of mixedtype resonance, its rarity is thus conÐrmed and so is the fact that the excitation of a plutino inclination by a mean motion resonance with Neptune must be essentially linked with the Kozai resonance.
If we consider Pluto as acquiring its present eccentricity and inclination through the mechanism described by equation (1), NeptuneÏs initial semimajor axis would have to be around 19.2 AU (18.2 AU for 1994 TB). This low initial radial distance for Neptune would imply a much tighter initial protoÈmajor planet orbit. Further evolution by migration of the planets would be too disturbing for test bodies to stay trapped in resonance (Gomes 1997) . In fact, NeptuneÏs initial semimajor axis, shorter than 22 AU, appears inadequate in this sense. Thus, if NeptuneÏs semimajor axis starts at around 23 AU, another mechanism must work during migration to lead Ðnal elements of Pluto and other low-X plutinos to their present values. In the next section, we consider how secular resonance could have done this job.
SECULAR RESONANCE
The secular resonances of interest are those associated with the slowest main solar system eigenfrequencies, namely, the and mainly the this one a †ecting orbital l 8 l 18 , inclinations. For the present solar system conÐguration these resonances (outside the 2 : 3 resonance with Neptune) are located just beyond the 2 : 3 resonance for low eccentricities and inclinations. positions of secular resonances, I used an averaging semianalytical procedure to calculate the time derivative of the slow longitudes of the massless body, with the eigenfrequencies associated with and being computed by a l 8 l 18 Ðrst-order analytical theory. Secular resonances may produce substantial excitation of orbital eccentricities and inclinations. There is not, however, a secular resonancetrapping mechanism but just a passage through this resonance position (Lemaitre & Dubru 1991) . For the range of migration timescales considered here, the magnitude of the excitation typically increases with decreasing migration speed. Thus unlike the Kozai or mean motion resonance mechanism described in°3, the migration timescale now plays a fundamental role in the excitation of eccentricities and inclinations of plutinos. As a consequence, present values of plutino eccentricities and inclinations cannot be unequivocally associated with a well-deÐned total radial shift undergone by the plutino even if it initially had nearzero eccentricity and inclination. Note, however, that the association of larger timescales with greater excitations of e and I cannot be analyzed in a very simplistic way. The exact location of a secular resonance depends not only on the semimajor axis but also on the eccentricity and inclination. If the inclination is excited through secular resonance, this new excited value can place the object outside resonance regions and thus halt the resonant e †ect.
If the secular resonance e †ect is to be added to the mean motion e †ect as studied in the previous section to yield maximum excitation of the orbital elements, one would expect that secular resonance acted before mean motion resonance trapping (it could have also acted inside the 2 : 3 resonance, which will be studied next). Now because the secular resonance position is closer to the Sun than the 2 : 3 resonance near the beginning of migration, we would not expect an excitation of the inclination (and eccentricity) by secular resonance followed by a trapping into the 2 : 3 resonance, which might yield a Pluto-like orbit in the end (Malhotra 1998) . However, such a case was in fact obtained in a numerical simulation. Figure 9 shows a planetesimal initially placed a little above the 2 : 3 resonance. It fails to be trapped and is soon placed in the strong secular resonance region, yielding a substantial increase of its eccentricity and inclination. Before the 2 : 3 resonance is too far, it gets trapped into this resonance by some apparently rare process. A hint on how this mechanism takes place comes from the fact that for the high eccentricity values as obtained by the secular resonance the libration amplitude for the semimajor axis is high enough to place the planetesimal near the mean motion resonance again. A moderately close approach with Neptune may have completed the job. However interesting this example may look, it was only one in nearly a thousand examples, including some with plan- FIG. 7 .ÈEvolution of the eccentricity of a test-body (crosses) in a numerical integration in which it is soon trapped into the 2 : 3 resonance with an outward migrating planet of mass equal to 1/10000 that of the central body. The continuous line stands for equation (1) Although we are naturally interested in planetesimals trapped near the beginning of migration to yield maximum eccentricity and inclination excitation through mean motion resonance trapping (eq. [1]), the fact that secular resonance can be very efficient in the excitation of these elements and that it can be encountered before the 2 : 3 mean motion resonance at a later stage of migration (see Fig. 8 ) directs our attention to planetesimals that started at a larger radial distance from the Sun, since the smaller gain in inclination and eccentricity by mean motion resonance may be compensated for by their gain through secular resonance. Figure 10 shows such an example, one in which the planetesimal starts at 33.9 AU with near-zero eccentricity and inclination. After around 3 ] 107 yr, Ðrst the and l 8 then the resonances are encountered, and the eccentricl 18 ity and inclination undergo important increases just before the 2 : 3 mean motion resonance is encountered. The planetesimal gets trapped into the 2 : 3 Kozai resonance with slight increases of both elements up to the end of migration. A continuation of this orbit without migration is shown in Figure 11 . We notice an orbit very similar to that of Pluto with average values e \ 0.247, 2 : 3 amplitude I \ 17¡ .35, around 85¡, and u-amplitude varying from around 10¡ to 40¡. However interesting this example may look, it must be clariÐed that this was the best one (most similar to Pluto) taken from a set of 1000 test bodies with initial semimajor axis ranging from 30.5 to 36 AU. On the other hand, only 58 out of the 1000 initial objects remained trapped in fairly stable orbits 6 ] 107 yr after the end of migration (see°5). Thus the example described in Figures 10 and 11 may be more than suggestive. Nevertheless, before a Ðnal conclusion is drawn, another possibility for inclination increase is studied next.
The secular resonance also appears inside the 2 : 3 l 18 mean motion resonance, as shown in Figure 12 (see A \ 0) for the present position of the major planets. We notice that in this case secular resonance is attained for low values of the eccentricity and inclination. For the positions of planets increasingly closer together, this resonance curve (A \ 0) tends toward the origin and completely disappears at the beginning of migration. This would seem to show that the resonance after mean motion resonance trapping would l 18 not be an efficient factor in exciting plutino inclinations. However, for high amplitudes of the libration angle, l 18 resonance reappears for a large range of eccentricities and inclinations, as Figure 12 shows. Both for the beginning of migration and for the present position of the planets, the inclination secular resonance can be thus e †ective. Numerical integrations actually conÐrm the indication of Figure 12 , and this kind of phenomenon is responsible, together with the Kozai resonance, for most of the inclination excitation of test objects during migration. High libration amplitudes, however, are associated with unstable orbits, and many of these test orbits whose inclinations are excited by the l 18 secular resonance inside the 2 : 3 commensurability fail to reach the end of migration. Those that are in resonance by the end of migration are still in a poorly stable conÐgu-ration, and a continuation of the numerical integration after migration usually shows a rupture of the resonance after a few million years. A typical case is shown in Figure 13 . The plutino underwent an important inclination excitation near the middle of the migration process due to the high 2 : 3 amplitude secular resonance. The libration amplitude l 18 decreased to values that were not so high by the end of FIG. 9 .ÈOrbital evolution of a test plutino that ends in a stable high-inclination conÐguration. Most of the eccentricity and inclination increases are obtained in the beginning of the integration, when secular resonances are e †ective (see Fig. 8 ), just inside the 2 : 3 resonance. The body is later trapped into the 2 : 3 resonance by some apparently rare process. migration. A continuation of the integration of this orbit without migration, however, shows a rupture of the resonance after only 2.5 ] 106 yr. Figure 14 shows the distribution in average eccentricities and inclinations of all objects from the big numerical integration that were trapped as plutinos during migration and survived for nearly 6 ] 107 yr after migration. Crosses stand for objects that started from 30.5 to 31 AU ; squares, those that started from 31 to 34 AU ; and triangles, those that started from 34 to 36 AU. The objects in this Ðgure can be roughly classiÐed into four groups that can be compared with Figure 1 for the real plutinos. In Figure 1 , there are two objects with eccentricity below 0.14 and inclination below 5¡, for which there are no equivalent plutinos in Figure 14 , which is expected since these high-X plutinos must be associated with longer initial semimajor axes than our integration limit value, 36 AU. A Ðrst common group would include objects with "" low ÏÏ eccentricity (0.1 to 0.15) and "" high ÏÏ inclination (above 10¡). Both Ðgures have representatives for this group, although the real plutinos are more spread out in both eccentricities and inclinations. A second group includes plutinos with eccentricity in the range 0.16È0.2 and inclination below 10¡ that are represented in both Ðgures. For the theoretical objects, however, some are near 10¡ and apparently form a subgroup. These objects are near but not in the Kozai resonance. A third common group is formed by plutinos in Kozai resonance. This can be subdivided into those with low (below 10¡) and high (above 10¡) inclination. Both theoretical and real distributions have representatives in this group, but for the case of theoretical plutinos there is an important concentration of plutinos near and just below 10¡, which is not found in the real group.1 A fourth group is formed by plutinos with high eccentricity (above 0.26) and low inclination (below 10¡). This deÐnition also yields both theoretical and real plutinos for this group, but the deÐnition may be a little more artiÐcial in this case because the real plutinos have eccentricities above 0.3 and one has inclination near 8¡. These objects would in principle require a starting semimajor axis for Neptune near 21.5 AU if we consider that the eccentricity was excited by the 2 : 3 resonance-trapping mechanism alone. These two high-eccentricity plutinos thus ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ 1 Considering raw data for all plutinos including less reliable orbits, we may Ðnd one or two plutinos for this group with I D 10¡, but there still seems to be a gap around this inclination value (see et al. 2000). Nesvorny FIG. 10 .ÈOrbital evolution of a test plutino that ends in a stable high-inclination conÐguration. In this case the test body starts near 34 AU and eventually undergoes the e †ects of the secular resonances before it is trapped into the 2 : 3 resonance. suggest a somewhat lower initial radial distance for Neptune than the standard value used in the numerical simulations (23.2 AU). An initial radial distance for Neptune below 22 AU starts to be hazardous for the stability of trapped plutinos (and for the planets themselves ; Gomes 1997), but 0.5 AU below this limit may prove to be inside some error tolerance. Anyway, it is possible that the secular resonance may have acted to excite plutino eccenl 8 tricities, and 23.3 AU for NeptuneÏs initial semimajor axis may even prove unnecessarily low. With respect to this point, it is noteworthy that the highest eccentricity observed in Figure 14 is for a plutino that started at 33.2 AU.
DISCUSSION AND CONCLUSIONS
With respect to the real high-inclination plutinos, as of 2000 April there are seven plutinos (eight with Pluto) with fairly reliably determined orbits with inclination above 10¡. Pluto, and two of these (1997 QJ4 and 1994 TB) have similar orbits, with e D 0.25 and I D 16¡. They present similar libration amplitudes from 66¡ to 80¡. Pluto and 1997 QJ4 are in Kozai resonance with u-librating around 90¡ and librating amplitudes from 20¡ to 30¡. 1994 TB is apparently in a variable Kozai resonance with libration center alternating from 90¡ to 270¡. The origins of these three objects are probably linked more or less strongly. They may possibly originate from a single object that underwent a catastrophic event in the past (Stern et al. 1999 ). Anyway, the origin of their high inclinations must have a similar explanation. Given the results of°3 and°4, there are three possible scenarios for the formation of high-inclination plutinos. Scenario 1 places these plutinos near 34 AU at formation. They next undergo a considerable increase in eccentricity and inclination by secular resonances as the migrating Neptune approaches them. There is a subsequent trapping into the 2 : 3 resonance, which causes a further excitation of their eccentricities and Ðnally a trapping into the Kozai resonance that further increases the inclination of the orbits. In scenario 2, they are formed around 30.5 AU and are soon trapped into the 2 : 3 mean motion resonance with Neptune as this planet starts migrating. Later with an increase of the 2 : 3 librating amplitude the secular resonance is encounl 18 tered while still in the 2 : 3 resonance, providing the extra increase in inclination. Although numerical integrations show many objects undergo this e †ect of high-amplitude secular resonance, only one of these was kept trapped long after the end of migration. It must be noted that some other mechanism, such as close approaches and collisions with other Kuiper objects, could cause a shrinkage of the 2 : 3 libration amplitude of other objects inÑuenced by this mechanism, leading to a Ðnal stable conÐguration (Levison & Stern 1995) . Scenario 3 also sets the origin of these objects near 30.5 AU but no 2 : 3 resonance trapping is obtained at Ðrst. At this radial distance for the plutinos, as Neptune starts to migrate outward the secular and l 8 l 18 resonances are encountered and large increases in eccentricity and inclination are experienced by the objects. Although NeptuneÏs 2 : 3 resonance is now past the orbits of the bodies, they can reach the resonance by some mechanism observed in a numerical integration, probably associated with the increase in the range of the resonant semimajor axis, the eccentricity increase due to and some close approach to Neptune that e †ectively pushes the plutino inside the 2 : 3 resonance (Fig. 9) .
In a sense, all three scenarios are equally likely to generate Pluto-like plutinos (those in Kozai resonance with I [ 13¡) because there is one example for each (two of these are for the big numerical integration represented in Fig. 14 by the highest inclinations for plutinos in Kozai resonance, squares for scenario 1 and crosses for scenario 2). The one associated with scenario 3 comes from another numerical integration, with total evolution time equal to 6 ] 107 yr (Fig. 9) . Other plutinos in Kozai resonance with more modest inclinations are associated with scenario 1 or 2, never scenario 3, which makes it the less probable mechanism in this sense.
The other Ðve high-inclination (above 10¡) plutinos are FIG. 13 .ÈOrbital evolution of a test plutino that undergoes a considerable increase of its orbital inclination because of the e †ect of the resonance l 18 inside the high-amplitude 2 : 3 commensurability. not in Kozai resonance. The origin of their high inclinations are probably not very di †erent from the Pluto-like objects. An alternative by which they would not have undergone the e †ects of secular resonance would require Ðrst that they have an X-value above 0.952 (see Fig. 2 ). This is a limit that eccentricities and inclinations can reach by pure mean motion or Kozai resonance during migration if Neptune is not to start below 22 AU. In this way both 1998 HQ151 and 1995 QZ9 must have undergone secular resonance e †ects so as to be located below the X-limit of 0.952. In this sense the other three objects (1998 US43, 1996 TQ66, and 1998 could have escaped the e †ects of secular resonances, but then they should now be in a Kozai resonance, which is not the case. (Another, less probable, possibility is that they underwent a high 2 : 3 amplitude temporary Kozai resonance [see Fig. 2 ] and this amplitude decreased before the end of migration). The objects in Figure 14 with orbital elements similar to 1998 US43, 1996 TQ66, and 1998 WZ31 are associated with scenario 1 and 2 and a combination of both. There is a fourth scenario for this case : the object is Ðrst trapped into the 3 : 5 mean motion resonance with Neptune, which excites the eccentricity, and the body escapes resonance and undergoes an inclination increase by the secular resonance before being trapped into the 2 : 3 l 18 resonance, further increasing the eccentricity. This case was not observed for Pluto-like plutinos.
One interesting point with scenario 1 is that it does not require a long range of migration for Neptune since the eccentricity and inclination of plutinos are already preexcited through secular resonances. This also means that trapping into the 2 : 3 resonance will occur for relatively high values of eccentricity and inclination. Although it is known (Henrard 1982 ) that the probability of trapping decreases with increasing eccentricity of the trapped body, this limitation of trapping efficiency may not be very serious since a good fraction of high-eccentricity and high-inclination plutinos come originally from distances around 34 AU, for which eccentricities are usually preexcited by secular resonances (see, however, the next paragraph). This leads us to speculate on whether objects with orbits excited by some other process (like mass scattering) could later be trapped into the 2 : 3 resonance and become plutinos. This scenario would be a composite of both migration theory and mass scattering theory.
Although the main scope of this work is to study the origin of high-inclination plutinos, a word about how a low-inclination plutino would be produced is certainly due. There are basically two ways by which a plutino can avoid GOMES Vol. 120
14.ÈFinal average eccentricities and inclinations of all test bodies from the big numerical integration, including 1000 objects that were trapped into the 2 : 3 resonance with Neptune and kept trapped after 5.8 ] 107 more years of evolution without migration, showing objects that started from 30.5 to 31 AU (crosses), those that started from 31 to 34 AU (squares), and those objects that started from 34 to 36 (triangles ).
inclination-inducing mechanisms. One is related to objects captured near 30.5 AU. These do not undergo the precapture e †ects of secular resonance. If they keep a small libration amplitude, they also escape the e †ects of the secular resonance inside the 2 : 3 commensurability. In the end, they must also escape the Kozai resonance or get trapped into it near the end of migration, producing barely excited inclinations. The second main mechanism is related to objects with longer semimajor axes trapped in the 2 : 3 resonance. These unavoidably feel the e †ects of secular resonance. However, the Ðnal consequence of these resonances is not necessarily a great increase in either eccentricities or inclinations. For instance, may be positive or negative, depending on the I0 phase of the angle Thus the Ðnal value of I depends ) [ ) N . on how the object passes by the secular resonance. A relatively common feature observed in numerical integrations is an increase in inclination followed by a decrease, with a Ðnal gain near zero. This happens also with the eccentricity, and most trappings into the 2 : 3 resonance occur for cases in which eccentricities turned back to relatively lower values (which is compatible with higher trapping probabilities).
Although I was not at Ðrst concerned with the problem of how migration might have reduced the population of trans-Neptunian objects swept by the 2 : 3 resonance, a word is certainly due on this point. The results from the big numerical integration show an efficiency of 5.8% of plutinos left with stable orbits well after the end of the migration process. This number seems much lower than previous estimates. Besides that big numerical integration I also integrated (with RADAU) several orbits that start at around 30.5 AU with three di †erent total migration times : 2 ] 107, 4 ] 107, and 6 ] 107 yr, with Ðnal (stable) trapping efficiencies 0.84, 0.59, and 0.50, respectively. We thus notice a consistent decrease of trapping efficiency for increasing migration time. The reason for this probably resides in the increasingly disrupting e †ect of secular resonance on lower migration speed. On the other hand, the abrupt decrease from 50% to 5.8% relating the two longer migration times may have a second explanation (not excluding the former). Figure 15 shows the distribution of the number of Ðnal stable orbits versus initial semimajor axes for the same data as in Figure 14 . The distinct peak in the distribution for the shortest semimajor axes strongly suggests that probabilities are clearly higher for this range, thus an initial distribution of semimajor axes to higher values will certainly yield a lower Ðnal stable capture efficiency. The low trapping efficiency associated with large timescales is in fact consistent with the probable mass deÐciency of the present Kuiper belt with respect to its primordial surface density. However, it can explain this depletion only for plutinos, not for objects in the Kuiper belt as a whole. It must be noted here that I did a test run with SWIFT for the case of initial semimajor axes around 30.5 AU and total migration time 6 ] 107 yr, and I obtained a Ðnal capture efficiency equal to 0.5, the same as for the RADAU run, thus excluding any possible integrator e †ect for the low trapping probability associated with the big SWIFT run.
The results obtained here are fairly consistent with migration theory. There are possible mechanisms that can excite a plutinoÏs orbital inclination during the migration process. Considering 10¡ as the limit to distinguish high from low inclinations, in Figure 14 the ratio of high-inclination plutinos to their total number is 0.22. Real plutinos, as represented in Figure 1 , present the ratio2 0.35. This di †erence seems connected to the great number of plutinos in Figure  14 in Kozai resonance with I from 6¡ to 10¡. This region is FIG. 15 .ÈDistribution of the number of Ðnal stable plutinos with their initial semimajor axes, for the same data as in Fig. 14. 
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2 The real ratio, however, may be even higher because of observational biases.
relatively void for real plutinos. Although it may be wiser to wait for a larger number of reliable plutino orbits to have a better idea of the reality of this gap, I o †er two suggestions anyway. The Ðrst one is that this region has been eroded during the solar system age by PlutoÏs perturbation as described in et al. (2000) . The second suggestion Nesvorny takes into consideration the fact that most of the Kozai plutinos of Figure 14 with inclinations in the range 6¡È10¡ have short initial semimajor axes (30.5 to 31 AU ; see Fig.   15 ). It is possible that 7 AU for NeptuneÏs migration is overestimated and a lower value may produce a Ðnal distribution of plutinos closer to the present conÐguration.
The numerical integrations quoted in this paper were done using the SP2 of the Grupo Executivo de Processamento de Alto Desempenho do de Nu cleo at Universidade Federal do Rio de ComputacÓ a8 o Eletroü nica Janeiro.
